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Arabidopsis thalianaUp to 15% of the genes in different genomes overlap. This architecture, although beneﬁcial for the
genome size, represents an obstacle for simultaneous transcription of both genes. Here we analyze
the interference between RNA-polymerase II (Pol II) and RNA-polymerase III (Pol III) when transcrib-
ing their target genes encoded on opposing strands within the same DNA fragment in Arabidopsis
thaliana. The expression of a Pol II-dependent protein-coding gene negatively correlated with the
transcription of a Pol III-dependent, tRNA-coding gene set. We suggest that the architecture of
the overlapping genes introduces an additional layer of control of gene expression.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Nuclearly encoded genes in eukaryotes are transcribed by three
different RNA polymerases: polymerase I (Pol I), polymerase II (Pol
II), and polymerase III (Pol III). Pol I transcribes 18S-, 28S-, and
5.8S-rRNA genes, Pol II – protein-coding genes and Pol III – 5S-
rRNA, tRNA and other small non-coding RNA genes. The three poly-
merases share a similar general architecture [1,2]. Each of them has
a 10-subunit polymerase core, including the active center and ele-
ments responsible for RNA cleavage, the two-subunit polymerase
stalk participating in the formation of the transcription initiation
complex and interacting with general transcription factors and
polymerase-speciﬁc factors [1,2]. Despite the common structural
organization, each polymerase requires different regulatory ele-
ments to initiate transcription [3–8], which shapes the different
sets of genes transcribed by each polymerase. These different tran-
scription targets support the idea of an independent mode of ac-
tion of the three polymerases. Pol I and Pol III share some
regulatory elements indicating that they may coordinate some of
their molecular activities [9]; the TATA-binding protein (TBP) used
by Pol II is also essential for Pol III when transcribing tRNA genes.
In addition, a recent genome-wide analysis of Pol-transcriptomes
revealed interactions between Pol II and Pol III during transcription
[10–12]: Pol II binds on the same DNA strand approximately200 bp upstream of Pol III targets, i.e. 5S-rRNA, U6, and tRNA genes,
in human and Drosophila melanogaster. Plant polymerases are
homologous to the mammalian polymerases [13]; however, no
information on any coordinated action between them is currently
available.
Independent and simultaneous transcription of nested or over-
lapping genes can potentially bring polymerases in a spatial prox-
imity, particularly when the expression of the two genes is
regulated in a synchronized manner. The entire coding sequence
of nested genes is usually located within another gene, whereas
overlapping genes partly overlap with the sequence of another
gene. The shared nucleotide sequence may be transcribed by two
different polymerases when two different RNAs are encoded.
Nested or overlapping genes might be read in an alternative read-
ing frame to the main gene or might be encoded on the opposite
strand [14]. The bulky structure of the polymerases suggests that
they may compete for the DNA strand, particularly when indepen-
dently transcribing genes from the two DNA strands. This raises an
interesting question as to whether the expression level of genes
simultaneously transcribed by two different polymerases from
the same DNA region is determined by cooperativity or competi-
tion between the polymerases. In each genome, overlapping genes
represent 5–14% of the total gene number [14]. The majority of
them comprises gene pairs encoding structural genes (mRNAs)
on both strands and a sizeable fraction of them encodes non-pro-
tein coding RNA on one of the two strands [15]. The best character-
ized example for Pol II- and Pol III-transcribed genes within one
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strand of the gene encoding 25S-rRNA in Saccharomyces cerevisiae
[16]. Despite the large number of sequenced plant genomes, the
overlapping genes and their coordinated transcription are poorly
understood. To the best of our knowledge, the only example of
overlapping genes in Arabidopsis, whose transcription was ana-
lyzed, is the At2g16240 and At2g16250 pair. These two protein-
coding genes overlap in their 30-terminal parts and are both tran-
scribed by Pol II exclusively one at a time (i.e., the expression of
one silences the expression of the other) [17].
Herein, we analyze the expression yields of overlapping gene
sets of structural (AtNUDT22) and proline-tRNAs-coding genes en-
coded on the opposing DNA strands in Arabidopsis thaliana and
transcribed by Pol II and Pol III. Our data clearly suggest a negative
correlation between the Pol II-assisted transcription of the protein-
coding gene and the Pol III-mediated transcription of the tRNA
genes, which reveals new mechanistic insights into the regulation
of gene expression.
2. Materials and methods
2.1. Plant growth conditions
T-DNA insertion mutants SALK 009754, SALK 009762 and the
camta 3-2 mutant (SALK 001152) were obtained from NASC
(http://arabidopsis.info/); pho3.2 was provided by Dr. Oksana Zak-
hleniuk and Dr. Julia Lloyd (University of Essex, UK). Homozygosity
of the mutants with respect to the T-DNA insertions was conﬁrmed
by PCR using the following primer pairs: for SALK 001152 LP (50-
TGAAAACCTGATGAATCCGAG-3)0 and RP (50-GGTTGTGAAGTGGTGG
TAAGC-30); for SALK 009754 LP (50-ACGATTAAGCGAGAAAGAGCC-
30) and RP (50-CTTGTATACACGCAGCTGCTG-30); for SALK 009762
LP (50-ACGATTAAGCGAGAAAGAGCC-30) and RP (50-CTTGTATA-
CACGCAGCTGCTG-30). Homozygous plants were grown on soil in
the greenhouse in long-day condition (16/8 h, lamps Philips Master
HPI-T Plus, 400 Watt Philips SON-T Agro, 400 Watt, light intensity
140 lmol m2 s1, humidity 60%). The leaves from pre-bolting,
three-week-old plants (stage 3.50 according to [18]) were har-
vested and immediately frozen in liquid nitrogen.
For the experiments with seeds, the homozygous plants were
grown on soil in the greenhouse in identical conditions to those
of the plants for the leaf experiments until the ﬁrst silique shat-
tered (developmental stage 8.00 according to [18]). The green
immature seeds were collected from the ﬁrst ﬁve bottom siliques,
which remained closed when touched and were immediately fro-
zen in liquid nitrogen.
2.2. RNA isolation and expression analysis
The frozen leaf material was ground and total RNA was ex-
tracted with TRIzol reagent (Invitrogen, Darmstadt, Germany).
The RNA from seeds was extracted as described in [19]. SamplesFig. 1. Spatial arrangement of the Pro-tRNA genes within AtNUDT22. The exons (dark blue
10777 bp long, AtNUDT22 cDNA 1990 bp. Light blue boxes represent the 30UTR of the At
genes encoded on the opposite DNA strand. Pro-tRNA genes are numbered as follows: i
At2g33940, vii – At2g33950, viii – At2g33960, ix – At2g33970.The gene model was genera
fragment.were treated with TURBO DNAse-free (Ambion/Life Technologies)
to remove the genomic DNA contamination. cDNA was synthesized
using random hexamers and RevertAid™ H Minus First-Strand
cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany), according
to the manufacturer’s manual. Expression of AtNUDT22
(At2g33980) and Pro-tRNA genes (At2g33890, At2g33900,
At2g33910, At2g33920, At2g33930, At2g33940, At2g33950,
At2g33960 and At2g33970) was analyzed by means of quantitative
real-time PCR (qRT-PCR) using Power SYBR Green (Life Technolo-
gies) with the following primer pairs: 50-CATTCCGAGAATC
GAACTCGGGA-30 and 50-TTTGGTCTAGTGGTATGATTCTCGC-30 for
the AtNUDT22 gene and 50-CCAAATCCTGCAGAAGTGGAAGCC-30
and 50-TCGGATCTCCGGTTCTCATCCTTC-30 for Pro-tRNA. Note that
it was not possible to design primers exclusively targeting all nine
Pro-tRNAs positioned within the AtNUDT22 gene because of the
large similarities of the tRNA genes; the primers target 16 of the
66 nuclearly encoded Pro-tRNAs of Arabidopsis. The expression
was normalized to the house-keeping gene UBQ10 (At4g05320),
whose expression was quantiﬁed with the following primer pair:
50-AAAGAGATAACAGGAACGGAAACATAGT-30 and 50-GGCCTTGTA-
TAATCCCTGATGAATAAG-30.
2.3. Computational analysis
Sequences of tRNA genes encoding nuclear tRNAs in Arabidopsis
(genome released 2004) were extracted from the genomic tRNA
database (gtRNAdb; http://gtrnadb.ucsc.edu/) [20]. To identify con-
served motifs in the upstream sequences of the tRNA genes, we
used MEME, version 4.4.0 (http://meme.sdsc.edu/meme4_4_0/
cgi-bin/meme.cgi) [21]. The following parameters were set: motif
minimum width of six, maximum width of 10, maximum number
of motifs of three or ﬁve and the option ‘‘zero or one per sequence’’.
3. Results and discussion
To assess any interactions between Pol II and Pol III when tran-
scribing their target genes encoded on the opposing strands within
the same DNA fragment, we ﬁrst extracted all overlapping genes
from the Arabidopsis genome. Fourteen percent of predicted
25000 genes in Arabidopsis [22] overlap and 3% of them represent
a pair of protein-coding and tRNAs-coding genes. Notably, nine of
the 66 genes encoding Pro-tRNAs are located at the opposite strand
within the introns of the Pol II-dependent gene AtNUDT22 (Fig. 1).
Those nine Pro-tRNAs do not encode for one speciﬁc tRNA isoac-
ceptor and pair with all four proline codons (CCA, CCC, CCG and
CCU). The AtNUDT22 gene is not related to tRNA biogenesis or
metabolism and biosynthesis of proline, and encodes the nudix
hydrolase, which catalyzes the elimination of oxidized coenzyme
A. In addition, we did not detect any signiﬁcant enrichment of pro-
line codons in the AtNUDT22 gene, which would explain a cluster-
ing of Pro-tRNA genes there than elsewhere in the genome. For
comparison, the frequency of the four proline codons in theblocks) of AtNUDT22 are connected to intronic segments (dotted lines). AtNUDT22 is
NUDT22 gene, which also undergoes splicing. Green blocks correspond to Pro-tRNA
– At2g33890, ii – At2g33900, iii – At2g33910, iv – At2g33920, v – At2g33930, vi –
ted with fancyGENE [29]. The scale bar denotes one kilobase pairs (kbps) of the DNA
Fig. 2. The upstream region of the nine Pro-tRNA genes overlapping with AtNUDT22 bear CAACAA-like (light blue) and A/T-rich (dark blue) or TATA-like (red) motifs identiﬁed
with MEME 4.4. Each tRNA is speciﬁed by its anticodon and AGI code. Each horizontal line represents the 100-nt-long region upstream of the 50-end of the mature tRNA
genes; position 0 determines the ﬁrst 50-nucleotide of the mature tRNA. The numbers on the right side represent the combined P-values and are the product of the P-values of
all motifs detected in each upstream sequence. Motifs with P < 0.05 are considered as signiﬁcant.
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mirrors the genome-wide usage of those codons in A. thaliana (CCA
16.3, CCC 5.2, CCG 8.0 and CCT 18.7). [Note the codon usage is gi-
ven per thousand codons.]
We next analyzed the 100-bp upstream sequences of the nine
Pro-tRNA genes to address whether their expression is potentially
modulated by a common regulatory motif [23]. A presence of one
regulatory motif, only upstream of the ﬁrst Pro-tRNA (i –
At2g33890, Fig. 1), would suggest a coordinated mode of expres-
sion of all tRNAs in this locus through one transcription cycle.
However, we detected a conserved C/A-rich (or CAACAA-like) motif
and A/T-rich elements (some of which resembling TATA-like mo-
tifs) in the upstream region of each of all nine Pro-tRNA genes
(Fig. 2), implying that the transcription of each Pro-tRNA is inde-
pendent of the neighboring tRNAs. The position of the conserved
TATA-like motif varied within the upstream 50-region of all nine
Pro-tRNAs (Fig. 2). It should be noted that this motif does not
resemble the classic TATA-box, which is necessary for TBP binding
[23]. Transcription of tRNAs is facilitated by TFIIIB, which recog-
nizes the upstream regions of the tRNA genes and together with
TFIIIC coordinates Pol III recruitment [4]. TBP, which is an elementFig. 3. The expression level of AtNUDT22 inversely correlates with the transcription yiel
quantiﬁed by qRT-PCR, normalized to the mRNA of the housekeeping gene UBQ10 for eac
are mean ± S.D. of three independent experiments. For camta 3-2 (SALK 001152) line, only
were obtained. No homozygous seeds were obtained for the SALK 009754 line. Statisticaof TFIIIB, speciﬁcally binds TATA elements in promoter regions
[24,25]. TFIIIC may alter the dynamics of interactions of TFIIIB, so
that imperfect TATA-like sequences can also be recognized. To-
gether, this analysis suggests that each Pro-tRNA is transcribed
independently of its neighbors and simultaneous transcription of
all or many tRNAs within this locus is possible.
We next analyzed whether the expression of Pro-tRNA and At-
NUDT22 is linked and analyzed their expression levels with qRT-
PCR. A priori two different scenarios were expected: a competition,
through which the Pol II-driven transcription of AtNUDT22 gene
inhibits transcription of the tRNA genes, or a synergy in which
the transcribing Pol II allows for more efﬁcient transcription of
the tRNA genes by Pol III. Two factors would account for the com-
petition effect: local structural rearrangements by Pol II could
change the DNA architecture and thus alter the accessibility of
the sequences necessary for recognition and binding of Pol III.
Alternatively, TBP might be locally depleted for Pol III by being
intensively involved in Pol II-mediated transcription. In turn, Pol
II-induced local loosening of the chromatin structure may facilitate
the Pol III binding and consequently tRNA transcription. We used
the public microarray database Genevestigator v3 [26] to selectds of Pro-tRNAs. The mRNA expression levels of both AtNUDT22 and Pro-tRNA were
h plant mutant and expressed as a fold change to the wild-type Col-0 plants. Values
the expression pattern from one plant is shown, since only two homozygous plants
l signiﬁcance was determined with Students t-test. ⁄P < 0.05, ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001.
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We chose camta3-2 mutant expressing AtNUDT22 at elevated level
and pho3.2 mutant with lower AtNUDT22 expression compared to
the wild-type plants. Our quantitative RT-PCR data mirrored the
expression pattern of AtNUDT22 gene in the mutants (Fig. 3) sum-
marized by the public databases [26]. Furthermore, an enhanced
expression of AtNUDT22 in camta3-2 was accompanied by a low
expression of Pro-tRNAs. Conversely, the lower AtNUDT22 expres-
sion in pho3.2 plants raised the transcription of Pro-tRNA genes.
The AtNUDT22 gene has been shown to exhibit the highest
expression in seeds and developing embryos [26,27], and thus
we included immature seeds (stage 8.00 according to [18]) in
which we expected to see much higher deviations between the
expression level of AtNUDT22 and Pro-tRNA. In our analysis the
expression of AtNUDT22 was similar to that in the leaves (Fig. 3)
and the differences in the expression between AtNUDT22 and
Pro-tRNA resembled those of the leaves (Fig. 3).
Furthermore, we used two T-DNA insertion mutants, SALK
009754 and SALK 009762, which have insertions within the pro-
moter region of AtNUDT22 and decrease its expression level com-
pared with wild-type A. thaliana plants. A decreased AtNUDT22
expression in SALK 009754 and SALK 009762 mutants led to an en-
hanced production of Pro-tRNAs in both seeds and leaves (Fig. 3).
The T-DNA insertion affects the transcript level of AtNUDT22 differ-
ently, with AtNUDT22 transcription yields being slightly higher in
SALK 009754 than in SALK 009762. Interestingly, this difference
is reproducibly mirrored in the enhancement of Pro-tRNA tran-
scription; Pro-tRNA is higher in SALK 009762 than in SALK
009754 (Fig. 3).
4. Conclusions
Together, our data suggest a strong negative correlation be-
tween Pol II and Pol III when transcribing AtNUDT22 and Pro-
tRNAs, both of which are encoded on the opposing strand of the
same DNA fragment. Binding and transcription of Pol II hinders
Pol III-mediated Pro-tRNA transcription on the opposite strand by
either sterically interfering with transcription initiation and tran-
scription factor-binding sites or competing for the common tran-
scription factor TBP. Similarly to the TBP function in Pol II-
dependent transcription, it contacts the TATA-like elements in
the promoter sequences [28]. Since the majority of the Pro-tRNAs
overlapping with the AtNUDT22 gene contain TATA-like elements,
it is conceivable that enhanced Pol II-dependent transcription
may locally deplete TBP for Pol III and vice versa. Alternatively,
the large size of the two polymerases does not allow for simulta-
neous transcription of the two strands. Our results do not distin-
guish between these two scenarios; however, the inversely
correlated expression of the overlapping genes encoded on the
opposing DNA strands suggests that such gene architecture intro-
duces an additional layer of control of gene expression.
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